Spray cooling with liquid nitrogen is increasingly utilized as an efficient approach to achieve cryogenic cooling. Effects of injection mass flow rate fluctuations on the evaporation, temperature distribution, and droplet distribution of a spray field were examined by employing a validated Computational Fluid Dynamics (CFD) numerical model. The numerical results indicated that injection fluctuations enhanced the volume-averaging turbulent kinetic energy and promoted the evaporation of the whole spray field. The strengthened mass and heat transfer between the liquid nitrogen droplets and the surrounding vapor created by the fluctuating injection led to a lower temperature of the whole volume. A relatively smaller droplet size and a more inhomogeneous droplet distribution were obtained under the unsteady inlet. The changes of the frequency and the amplitude of the fluctuations had little effects on the overall spray development. The results could enrich the knowledge of the relation between the inevitable fluctuations and the overall spray development and the cooling performance in a practical spray cooling system with cryogenic fluids.
Introduction
Evaporative cooling by liquid nitrogen spray is extensively used to achieve immediate cooling, thermal uniformity, and temperature accuracy in a large space, such as a cryogenic wind tunnel [1] , as it is non-polluting and has a high efficiency. In a practical turbulent spray field with liquid nitrogen, the droplet movement, the evaporation, and the liquid and vapor mixing occur simultaneously and couple tightly. Better understanding of the spray mechanism can guide the design of a liquid nitrogen spray cooling system and improve its efficiency.
A dominant input parameter affecting the spray characteristics is the inlet pressure. Volmajer and Kegl [2] pointed out that a higher pressure difference leads to a stronger cavitation. Kannan and Anand [3] stated that the injection pressure is vital to the combustion characteristics and the efficiency of the engine. The change of the spray dispersion, the vapor fraction, and the droplet sizes with change in the injection pressure were investigated in a free spray by Park and Kim [4] . Palani et al. [5] concluded that the spray field is significantly influenced by the injection pressure based on an examination of all spray parameters. Ghurri et al. [6] conducted an experimental study and the result shows that the spray is produced more quickly and it penetrates faster under a higher injection pressure. The majority of the research were conducted under steady conditions with constant inlet pressures and constant injected mass flow rates. However, the pressure fluctuation phenomenon inevitably occurs at the liquid nitrogen supply system as stated in [7] and in our previous study [8] . In order to accurately control the injection of liquid nitrogen and the temperature in a cooling space, it is necessary to ascertain the effect of the pressure variation on the atomization characteristics. The instantaneous mass flow rate, the atomization process, and the spray field structure will be greatly affected in a complex unsteady flow field yielded by the supply pressure fluctuation. Wang et al. [9] carried out numerical simulations to evaluate the effects of injection pressure fluctuations on the spray behavior in the diesel engine. They pointed out that the supply pressure variation promotes the fuel/gas mixing inside the diesel spray field and enhances the disturbance of both the liquid and the gas phase. A numerical study was conducted on the basis of a simplified computational code by Ubertini [10] and the results indicated that the mass flow rate and the spray characteristics are considerably influenced by the injection pressure fluctuations.
Most research work has focused on the effects of the inlet pressure fluctuation on the cavitating process with room-temperature working fluids [11] [12] [13] . The studies reached a general conclusion that the presence of the fluctuation promotes the likelihood of the cavitation. For cryogenic fluid, the dynamic cavitation of liquid hydrogen was numerically conducted by Zhu et al. [14] and the enhanced vortex intensity in the cavity was revealed under an unsteady condition. In our previous research, the influence of the pressure fluctuation on the cavitating flow of liquid nitrogen was presented [8] . It was shown that the amplitude of the fluctuation generally strengthened the cavitation.
On the contrary, pressure fluctuations were unavoidably induced by the cavitation because of the growth and the collapse of the cavitated bubbles [15] [16] [17] . The experimental study captured significant quasi-periodic pressure fluctuations in the cavitation region when the sheet/cloud cavitation occurred [18] . Moreover, Yutaka Ito et al. observed the periodical shedding of the liquid nitrogen (LN 2 ) cavitation cloud over a plano-convex hydrofoil and a bluff body [19] . Zhu et al. [14] numerically obtained the unsteady features of the hydrogen cavitation and they experimentally investigated the unsteady cavitation characteristics of LN 2 through a transparent venturi tube [20] .
In all, the injection pressure oscillation is a spontaneous phenomenon. To the best of our knowledge, the influence of injection fluctuations on the development of the liquid nitrogen spray is rarely reported. Lack of comprehensive understanding of the influence threatens the control and improvement of the cooling performance in a cryogenic spray system. It is thereby of great importance to investigate the impact of such instability on spray formations. The result in [8] shows that the outlet mass flow rate oscillates periodically and synchronously with the inlet pressure fluctuation. Therefore, the effect of mass flow rate fluctuation will be described instead of the fluctuating inlet pressure in this study. Due to various difficulties and limitations in the experimental measurement, numerical simulations receive noticeable attention.
In the present study, a computational fluid dynamics (CFD) model based on the Eulerian-Lagrangian approach was validated by the experimental data. Simulations were performed to study the effects of injection mass flow rate fluctuations on the spray characteristics and the cooling performance. This investigation could be considered as a guideline for accurately governing the cooling performance of a cryogenic spray cooling system.
Experimental Study
The measurement of mass flow rates under different injection pressures was first conducted. Then, the evaporative cooling performance of the LN 2 spray system was determined.
Mass Flow Rate Measurement
The mass flow rates of the nozzle 1/8HH-SS-1.0 from Spraying Systems Co. were measured before conducting the experimental study on the cooling performance of the LN 2 spray system. The schematic diagram of the mass flow rate measuring system is shown in Figure 1 . The liquid nitrogen squeezed by the high-pressure nitrogen from the Dewar flows through the subcooled heat exchanger. Then, the subcooled liquid nitrogen enters the nozzle and is sprayed into the spray chamber, where the two-phase fluid is collected and transferred. The complete evaporation of liquid nitrogen is achieved through the air-cooled heat exchanger, and the evaporated nitrogen is warmed up by the water-cooled heat exchanger. The volume flow rate is measured when the warmed nitrogen flows through the volumetric flowmeter. The density of the warmed nitrogen is fixed by the temperature and pressure at the inlet of the volumetric flowmeter. Thus, the mass flow rate is obtained. Q m / A o (2ρ∆P) 0.5 . The changes of the mass flow rate and the discharge coefficient with the pressure difference are plotted in Figure 2 . The correlation of the discharge coefficient was proposed, as shown in Equation (1), which provided an experimental foundation for the cooling performance study of the LN 2 spray system.
where . Q m is the mass flow rate, . Q m,ideal is the ideal mass flow rate, A o is the cross-sectional area of the orifice, P cr is the critical pressure of liquid nitrogen. ∆P varies from 0.1 MPa to 0.5 MPa. 
Cooling Performance
The schematic diagram of the experimental system based on the LN 2 spray cooling in a once-through air duct is illustrated in Figure 3 . The test section is a rectangular duct of dimensions 300 × 300 × 1600 mm 3 . A frequency-controlled fan was installed to change the airflow velocity by adjusting the power frequency. A high-speed camera (HG-100 K from Redlake Co., USA) was used to capture the spray field and the Malvern Spraytec Laser Particle Size Analyzer was used to measure the particle diameter and distribution. The temperatures of the nine points were measured at the inlet and outlet planes of the air conduct, during the experiments. The higher-pressure LN 2 , provided the same way as that in the mass flow rate measuring system, flowed through the subcooled heat exchanger to maintain the temperature at approximately 80 K, which ensured the consistency of the experimental conditions with the measurement of the mass flow rate. The experimental data were recorded after the experimental system reached a fully subcooled state by precooling. Table 1 displays the temperature drops under different airflow velocities and LN 2 mass flow rates. The mass flow rates were calculated by Equation (1) based on the measured pressure differences. The drops from the inlet temperature to the outlet temperature increased with the LN 2 mass flow rates, while they showed a decreasing trend with increasing velocities. The droplet distributions were recorded and can be seen in Table 1 in [21] . The near-field spray angles fluctuated around 60 • during the experimental studies, which were measured from the images recorded by the high-speed camera. 
Numerical Approach

Numerical Method
Simulations were implemented using the finite volume CFD code ANSYS/Fluent 16.0, which employs the Eulerian-Lagrangian approach [22] to model the atomization process. This approach utilizes the Eulerian framework to describe the continuous phase, uses the Lagrangian framework to describe the dispersed phase, and then solves the two-phase flows in a fully coupled manner. The simplification, low-computational cost, and reasonable accuracy enables the availability of the standard k-ε model [23] in modeling turbulence effects for the spray injection. Moreover, it is reported that the numerical results were insensitive to turbulence models in [24] .
Continuous Phase
The Reynolds-time averaged Navier-Stokes conservation equations could describe the continuous phase. The source terms of the mass, energy, and momentum of the droplets were introduced into the continuous phase governing equations, to reflect their influence. The governing equations of the continuous phase are [25, 26] :
where S e , S m , and S mp are the source terms of energy, momentum, and droplet mass, respectively, which are used to take into account the coupling exchange between droplets and vapor during the process.
Discrete Phase
The temperature difference between the continuous phase and the discrete phase leads to the heat and mass transfer between the droplet and the airflow. The energy equation of the droplet is expressed by the heat convection and vaporization and is shown as:
where h c is the convection heat transfer coefficient, . m p is the evaporative rate. The boiling rate equation is enabled as soon as the droplet reaches the boiling temperature.
Droplet trajectory is predicted by integrating the force balance on the particle, which equates the droplet inertia with the forces, and can be written in the Lagrangian framework:
F is an additional acceleration term, and → F D is the drag force.
Computational Geometry and Grid
A 3D numerical model equivalent to the air-duct test section in experimental study with dimensions 300 × 300 × 1600 mm 3 was developed, as shown in Figure 4 . The spray injection was placed at the center of the inlet plane and was directed horizontally along the airflow direction. The continuous phase was set as the mixture of water-vapor, oxygen, and nitrogen. The inlet in green and outlet in blue of the model were specified as the velocity-inlet and the pressure-outlet, respectively. The mean velocity and the thermal inlet boundary conditions were constant values measured in the experiment. The flow pressure at the duct outlet was set to the atmospheric pressure. The convective heat transfer and the external radiation heat transfer were prescribed for these walls, as the thermal boundary conditions. The heat transfer coefficient was specified as 5 W/(m 2 ·k) and the external emissivity was fixed at 0.9, according to [27] .
The effect of the air duct walls on the impinging droplets was considered by imposing the "reflected" boundary condition. The trajectories were terminated at the outlet where the 'escaped" boundary condition was set. The Rosin-Rammler distribution, which was the most widely used among empirical distribution functions, was employed to characterize the spray [28] . The SIMPLE algorithm was used for the pressure and the velocity coupling. The second order upwind scheme was utilized for the spatial discretization scheme, except for the turbulent where the first order upwind scheme was employed. A quicker and better convergence could be obtained by adjusting the under-relaxation factors. The continuous phase was interacted by the discrete phase, which was updated at every continuous phase iteration. Three structured meshes of 112,694 (coarse), 226,629 (default), and 439,569 (fine) cells were built for the mesh independence study by checking the effect of grid sizes on the average temperature, the average turbulent kinetic energy, and the average turbulent dissipation rate of specified cross-sections, as well as the velocity profile along the center line. The results in Figure 5 show that the computed results under the default mesh were more consistent with those under the fine mesh. Taking comprehensively into account the accuracy and the computational resource, the default mesh was chosen in the following simulations. 
Model Verification
The numerical model was validated against the experimental data based on the average temperature drops between the inlet and outlet plane of the tested section. Eight experimental cases were chosen for comparison; the results are presented in Figure 6 . It is clear that the numerical predictions agreed well with experimental data and their deviations were within 20%. Compared with numerical temperature drops, the smaller measured results were obtained mainly due to the heat leakage in the experiment. 
Results and Discussion
As mentioned in the introduction, the spray injection pressure was fluctuant in a practical spray system and the mass flow rate oscillated periodically and synchronously with the inlet pressure fluctuation. Therefore, to ascertain its effect on the liquid nitrogen spray, sine-wave-type mass flow rate variations with different amplitudes and frequencies were assumed in the calculations. The sine function is given by:
where . Q initial is the constant mass flow rate, A is the amplitude, f is the frequency, and t is the simulation time or injection time. In this study, A is set to be 10% and 20% of the mass flow rate, and f is set to be 1 Hz, 10 Hz, 20 Hz, 40 Hz, and 60 Hz, respectively. The following computations were conducted at No. 5 in Table 1 in the experimental study with . Q initial of 0.005 kg·s −1 and a flow velocity of 1.34 m·s −1 , which was referred to as Case A in the numerical study. The evaporation rate of Case A was about 0.004 kg·s −1 and the evaporation ratio, (i.e., the ratio of the evaporation rate to the mass flow rate) was about 80%. In order to evaluate the impact of the fluctuations under different evaporation ratio cases, the computational conditions were expanded to Case B with . Q initial of 0.01 kg·s −1 and a flow velocity of 5 m·s −1 , and Case C with a . Q initial of 0.02 kg·s −1 , and a flow velocity of 10 m·s −1 . The overall computational cases are detailed in Table 2 . 
Evaporation of Spray Field
The time-dependent evaporation rates under different cases are presented in Figure 7 . The trend of evaporation rates could be divided into two independent phases. During the initial stage of the liquid nitrogen spray, the evaporation rates increased gradually. As the amplitude increased under a given frequency, the corresponding liquid nitrogen evaporated slightly fast. The reason was that the maximum injection momentum increased with the peak value of the mass flow rate, which could slightly increase the amount of injection at the same time. During the full development stage of the liquid nitrogen spray, the evaporation rates fluctuated periodically around an average value, at the same frequency as the injection flow rate. It was seen that the evaporation rate of Case A was the smallest with the smallest fluctuation, followed by Case B, and Case C had the largest fluctuation.
The average evaporation rates were obtained by averaging the values over time during the full developmental stage and are illustrated in Figure 8a . The evaporation ratios of Case A, Case B, and Case C were around 80%, 50%, and 34%, respectively. It indicated that incomplete evaporation happened under all cases and a portion of liquid nitrogen droplets escaped from the duct. For a specific case, the oscillating injection enhanced the average evaporation rate, compared with the steady injection. Among the three cases, the difference between the steady and oscillating injection of Case A was the smallest and that of Case C was the largest, which was about a 10% increase. It indicated that the oscillating injection had a more significant impact on the computational cases with a smaller evaporation ratio. Moreover, the evaporation hardly changed with the frequency and the amplitude of the mass flow rate fluctuation.
The intensive evaporation was induced by the fluctuating injection, because of the increased turbulent kinetic energy (TKE) of the whole spray field. The average TKE was obtained by averaging over the entire volume, as shown in Figure 8b . As the injection mass flow rate fluctuated, the vapor field background would be disturbed more intensively, and then more turbulence would be introduced accordingly and the corresponding average TKE of the spray field would increase [9] . Most of the research reported that the turbulent kinetic energy has a strong potential to enhance the droplet vaporization [29] [30] [31] [32] and the evaporation rate of the spray field. Refer to the impact of the fluctuating injection on the average TKE, the decreasing trend was Case A, Case B, and Case C. For Case C, a small change of the average TKE probably led to a great change of the average evaporation rate. For a given case, the average TKE would be independent of the frequency and the amplitude of the mass flow rate fluctuation.
Temperature Distribution
The outlet temperature gradually decreased as liquid nitrogen was sprayed into the vapor field and fluctuated periodically during the full development stage of the spray. The phenomenon was similar to the evaporation rate. The average outlet temperatures obtained through mass-weighted-averaging method under different cases were displayed in Figure 9 . The highest evaporation ratio under Case A resulted in the lowest average outlet temperature. By contrast, Case C had the highest average outlet temperature. The most important characteristic that governed the transport rate was the relative velocity between the droplets and their surrounding medium. Even though the initial droplet velocity was the same, it would follow the air velocity along the duct after a short time at the beginning. Thus, the bigger the air velocity, the shorter was the residence time, the smaller was the evaporation ratio, and the higher was the average outlet temperature obtained.
A higher evaporation rate under the injection variation produced more cooling and a lower outlet temperature, compared with the steady inlet condition. The changes of the frequency and the amplitude hardly affected the average outlet temperature. Figure 10 shows the temperature distributions under three cases along vertical lines at four different positions of the center plane. The temperature distributions were symmetrically close to the nozzle tip. Gravity was relatively more pronounced at the downstream area of the spray field, where the momentum of the droplets decreased. A downward movement of the droplets resulted in more cooling effects in the lower part of the duct, followed by asymmetric distributions of temperature. Case A with lowest air velocity was most affected by gravity.
The fluctuating injection led to a lower temperature at a given position, compared with a constant injection. The temperature difference between the constant and oscillating inlet increased from Case A to Case C. For Case C, with the smallest evaporation ratio, the temperature difference between different fluctuation amplitudes and frequencies was enhanced. On the contrary, the temperature curves of Case A were almost independent of the frequency and the amplitude. It was illustrated that the oscillating inlet played a more notable role when the evaporation ratio was relatively smaller. The temperature distributions along the central line of the duct are indicated in Figure 11 . It can be seen that the temperature gradually increased with the distance along the axial direction. The conclusion that gravity becomes more obvious away from the nozzle was further verified.
The temperature curve fluctuated periodically at the downstream field under a specific case. The fluctuation gradually increased with the decreased evaporation ratio from Case A to Case C. At the farther downstream area, the temperature fluctuation gradually decayed. This phenomenon was attributed to the reason that the oscillation of the mass flow rate is naturally attenuated as the transmission distance increases. Meanwhile, a weakened temperature difference between the constant and oscillating injection was obtained. Therefore, we could expect that no temperature fluctuation and no temperature difference could be observed near the outlet, based on the assumption of the infinitely long computing geometry. 
Droplet Distribution
In order to evaluate the fluctuation of the injected mass flow rate, the droplet size and the particle distribution were analyzed herein. The mean diameter [33] D 32 named the Sauter mean diameter was evaluated to measure the droplets evaporation in the liquid nitrogen spray field. The overall D 32 under computational cases with different fluctuations is shown in Figure 12 . The D 32 of Case C was the largest and that of Case A was the smallest. The droplet diameters, which were initially identical for three cases, kept reducing with the evaporating process. The smallest evaporation ratio of Case C led to the weakest evaporation of each single droplet and the largest droplet size.
Under a given case with inlet mass flow rate fluctuations, the droplet size was relatively smaller. This description supported the proposition that the injection fluctuation had a greater potential to strengthen the turbulence and enhance evaporation inside the spray field.
The semi-empirical methods [28] , which were obtained by fitting the measured data to predetermined mathematical functions, were employed to evaluate the atomization quality and assess the non-uniform characteristics of the droplets. Among them, the Rosin-Rammler model was widely used. It is expressed in the form:
where, V c is the fraction of the total volume of droplets less than D. c is the mean diameter. The exponent n indicates the distribution width of the droplet size. A higher value of n means a more uniform distribution of the spray. Figure 13 shows the overall n of the three computational cases with different fluctuations. The maximum value of n was obtained under Case C and the minimum value was obtained under Case A, which meant that Case C had the minimal droplet dispersion. Reference [34] described that droplets near the edge of the spray field evaporated more rapidly than those at the center. The smallest droplet size under Case A illustrated more mass transfer from the liquid nitrogen droplets to air. Therefore, a gross discrepancy in size between droplets at the center and those near the edge led to a more uneven distribution. Droplets under Case C traveled through the duct at a higher velocity and pushed the air away, which weakened the contact and the interaction between the vapor and liquid. The largest droplet size would show the least evaporation of the droplets near the edge. Therefore, the most uniform droplet distribution was in the spray field. When the supply mass flow fluctuation was activated, the value of n decreased under a given case. Especially, a greater reduction happened under Case C. A more inhomogeneous droplet distribution was resulted from a stronger turbulence inspired by supply variations. The effects of the fluctuation amplitude and frequency on the dispersion and vaporization of droplets were almost negligible.
Conclusions
The numerical model was verified by the experimental data. Then, abundant numerical simulations were performed under a wide range of frequencies and amplitudes of the fluctuations. The major findings summarized from this research were as follows:
During the full development stage of the liquid nitrogen spray, the evaporation rates and the outlet temperatures fluctuated periodically around an average value, at the same frequency as the fluctuation of the injection flow rate.
The difference of the average evaporation rate between the steady and oscillating injection under the computational case with the smallest evaporation ratio was the largest. It indicated that the oscillating injection had a more significant impact on the computational cases with a smaller evaporation ratio. The evaporation rate hardly changed with the frequency and the amplitude of the mass flow rate fluctuation.
As the injection mass flow rate fluctuated, the corresponding average TKE of the spray field increased, which induced intensive evaporation of the spray field. A higher evaporation rate under the injection variation produced more cooling and a lower temperature at the outlet plane, as well as at a specific position, compared with the steady inlet condition. The changes of the frequency and the amplitude hardly affected the average TKE and the average outlet temperature.
Under a given case with inlet mass flow rate fluctuations, the droplet size was relatively smaller due to the strengthened TKE and the enhanced evaporation inside the spray field. A more inhomogeneous droplet distribution resulted from a stronger turbulence inspired by supply variations. The effects of the fluctuation amplitude and frequency on the dispersion and vaporization of droplets were almost negligible.
The findings could be exploited for the design of cryogenic spray cooling systems and the optimization of the temperature uniformity of the systems.
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